The carbonization of various forest residues in comparison with their stem wood was studied by means of thermogravimetric analyzer operated non-isothermally at atmospheric pressure with a heating rate of 10K/min and a final temperature of 800ºC. GROT (tops and branches) and stem wood samples of Norway spruce and birch trees collected from forests in Southern Norway were used as feedstock. The work focused on analyzing the effect of process parameters (feedstock particle size, initial mass, and the residence time of gas released during the devolatilization) on the mass and fixed carbon yields of charcoal produced. The results show that it is possible to simultaneously improve the mass and fixed carbon yield of biochar produced by controlling the fate of gas released during devolatilization to promote the formation of secondary char. Differences between forest residues and theirs stem wood with regards to the effect of the investigated process parameters were observed.
Introduction
Charcoal, the main product from carbonization (slow pyrolysis) of biomass, has a wide range of applications in various industries, which among others include direct combustion of charcoal as solid fuel, gasification of charcoal for synthesis gas production, and use as reductant alternative to fossil carbon in metallurgical industry [1, 2] . For the application as metallurgical reductant, it is required that the fixed carbon content of charcoal is higher than 80 wt%. This requirement can normally be achieved by increasing the severity of carbonization (higher temperatures and/or longer carbonization times). As a result, more volatile matters of the feedstock will be released into the gas phase, which is translated to more material and energy losses. Combustion of this pyrolysis gas for energy recovery is possible, but requires extra investment, which is rarely feasible for small and decentralized carbonization units. Highpressure carbonization of biomass has been proposed for improving the mass and fixed carbon yield at the same time [4, 5] . However, the high-pressure requirement also leads to extra cost and is not that feasible for small carbonization units. On the other hand, the mass and fixed carbon yield can be improved simply by promoting the secondary char formation from the pyrolysis gas via increasing the particle size of the feedstock [4, 5] . It is because of the catalytic cracking effect, of the char formed in the outer layers of the fuel particle, on the nascent pyrolysis gas on its way diffusing outward. Alternatively, similar effects can be achieved by simply confining the pyrolysis gas in the reactor. The work presented in this paper aims to study the effect of prolonged contact time between nascent pyrolysis gas and char during carbonization on the mass and fixed carbon yields of charcoal produced. The contact time is prolonged by varying process parameters (feedstock particle size, initial mass) and pyrolysis gas confinement. In addition to this, the work focuses on the use of forest residues as feedstock, which is a promising and low-cost renewable resource.
Experimental methods

Material
The biomass materials used as feedstock for the present study are forest residues or GROT (tops and branches) and stem wood of Norway spruce and birch trees from forests in Southern Norway. The collected samples were chipped and dried at 105ºC for 24 hours. The pre-dried samples were then milled and sieved to obtain powder samples of two particle ranges: d<1mm and 63µm<d<100µm. Fixed carbon content and ash content of the tested samples were analyzed according to procedures descried in ASTM E872 and D1102. Element compositions of the samples were analyzed by means of an Eurovector EA 3000 CHNS-O Elemental Analyzer. The higher heating value of the samples was measured by a bomb calorimeter (IKA C5010/5012 model), following the procedure descried in ASTM E711-87(2004).
Thermogravimetric method
A thermogravimetric analyzer (TGA), SDT Q600 model from TA Instrument, was used for studying the non-isothermal decomposition of the samples during the pyrolysis process. Two different initial masses of sample were used, being 1 mg and 10 mg. Experiments with 1mg samples were run for small particles only (63 µm<d<100 µm), whereas experiments with 10mg were run for the samples with both particle sizes (63 µm<d<100 µm and d<1 mm). For each TGA run, a sample of either 10 mg or 1 mg was loaded in an alumina crucible that was then placed into the TGA furnace. Nitrogen (purity 99.999%) was used as purging gas through the TGA reactor, with a volumetric flowrate of 100mL/min, for 30 minutes before starting the heating up of the furnace. After this purging at room temperature, the furnace was heated to 105 o C and kept at this temperature for 30 minutes, followed by a heating program up to 800 o C with a heating rate of 10 K/min. For experiments with 10 mg of sample as initial mass, the crucible was operated in two modes: 1) open crucible (no lid), and 2) closed crucible (with lid), for studying the effect of the gas released from the sample during devolatilization on the char and fixed carbon yields. The lid has small pinholes on it to avoid possible pressure increase.
Evaluation methods for char yield and fixed carbon yield
In this work, the term of char yield (y char ) is defined according Eq. 1 [4, 5] :
where M char is the dry mass of char produced in the process at its final temperature and M feed is the mass of the feedstock measured at the end of the 105 o C heating stage [3, 4] . In addition to the char yield, the fixed carbon yield of one sample is also calculated. The fixed carbon yield (y char ) is a meaningful indication of carbonization efficiency and defined according to Eq. 2 [4, 5] :
where (% FC) refers to the fixed carbon content of the charcoal, and (% feed ash) is the ash content of the dry feedstock [4, 5] . For calculation of the fixed carbon yield, the charcoal produced after the pyrolysis process needs to undergo a proximate analysis (following the standard ASTM D1762-84 procedure) in order to determine its fixed carbon content. Table 1 presents results from the proximate and ultimate analysis of the GROT and woody biomass samples, together with their HHV values. Overall, the GROT have higher HHV than their stem wood. This is mainly due to the higher C and lower O content of the GROT compared to their stem wood. On the other hand, the GROT have lower volatile matter (VM) but higher fixed carbon (FC) content than their stem wood, of which the later would be better for GROT as start material to produce charcoal for use as metallurgical reductant, considering the high FC content requirement. However, the ash content of the GROT is also higher than that of their stem wood, which is not desirable by metallurgists especially for the silicon production.
Results and discussion
Fuel characterization
Thermogravimetric analysis
The behavior of the samples tested during decomposing in a pure nitrogen atmosphere (open crucible) were studied by means of analyzing the weight loss curves (TGA curves) and the first derivative of the weight loss curves (DTG curves) as function of temperature. Figure 1 shows TGA and DTG curves obtained from stem wood and GROT samples of 1 mg and small particle size (63 µm<d<100 µm). Three main regions of the DTG curves can be distinguished, which is in agreement with the literature [7, 10, 11] . The first region corresponding to the degradation of hemicellulose is visible by the shoulder at low temperature (in the range of 560-600K for all types of experiments). The second region which corresponds to the degradation of the cellulose component can be distinguished, characterized by the maximum value (or peak) of the DTG curve, which is mainly associated with the intensive cellulose decomposition rate. The third region characterized by a flat, long tail corresponds to the decomposition of lignin, which takes place in a very wide range of temperatures. It can be observed that the shoulder is much more prominent for hardwood (birch) than for softwood (spruce). For spruce samples, there is a visual overlap between hemicellulose and cellulose decomposition regions, due to the relatively low hemicellulose content in spruce, softening the effect that the peak associated with the maximum hemicellulose devolatilization rate has in the global DTG curve [6, 12, 13] . These differences between hardwood and softwood are equally observed for both, stem wood and forest residue samples. Differences in devolatilization behavior between the samples are observed in combination with an examination of the devolatilization parameters presented in Table 2 [6, 7] . These parameters include the remaining mass fraction, Y (wt% on dry basis), and decomposition rate, R = -dY/dt (s -1 ) at some key decomposition points of the process. The subscript "shoulder" refers to the shoulder caused by hemicellulose decomposition and marks its maximum devolatilization rate. This point is defined as the point at which the value of the second derivative of the mass loss curve, -dY 2 /dt 2 , is nearest to zero in the region around the shoulder [6, 8] . The subscript "peak" refers to the point at which the highest devolatilization rate is achieved. This point is directly associated with the maximum decomposition rate of the cellulose component. Among the forest residue samples, very different behaviors were observed for experiments under different conditions of sample mass and particle size. Higher values of decomposition rates (R shoulder and R peak ) were registered for stem wood samples than for forest residue samples for spruce and birch species. This is justified by the higher amount of ash forming components that forest residue samples have in comparison with stem wood samples, which of some have a catalytic effect favoring char formation, in addition to the ash lowering the volatiles content and hence the devolatilization rate. As can be seen in Table 1 , also the fixed carbon content is significantly higher and the volatiles content significantly lower for the forest residue samples. As for the stem wood samples, spruce is the species with the highest maximum devolatilization rate, followed by birch.
Char yield and fixed carbon yield
Char yields and fixed carbon yields calculated from the experimental data are presented in Table 3 . The influence of the initial mass on char and FC yield can be clearly observed by comparing the data between columns 1 and 2 with columns 3 and 4, respectively. In the case of spruce GROT for example, the char and FC yield significantly increased by 39.1% from 20.59 % (column 1) to 28.64 % (column 3) and from 18.03% (column 2) to 25.08 % (column 4), respectively. Similar trends are observed for the birch GROT with lower increase percentages of 32.81 % and 32.79 % for the char and FC yields, respectively. The trends are also valid for the case of spruce stem wood, but not birch stem wood. The positive effect of increasing initial mass of feedstock on the yields can be attributed to catalytic formation of secondary char due to longer contact time between pyrolysis gas and char during carbonization, except for the unexpected results of the birch wood case, of which the reason is not known. Similar to the case of birch wood tests with different initial masses, no consistent trend was observed as expected when increasing the feedstock particle size from (63 µm < d <1 00 µm) to (d <1 mm). This can be examined by comparing the (no lid) data of column 3 versus 7, and column 4 versus 8 (no lid), as well as even the (with lid) data of column 5 versus 9, and column 6 versus 10. It is to say the yield changes from case to case varied up and down within ±13%, and the reason is unknown. Let us now compare the data of columns 3 versus 5, and columns 4 versus 6 for the small particle size (63 µm < d <1 00 µm) and columns 7 versus 9, and columns 8 versus 10 for the large particle size (d <1 mm) to evaluate the effect of the pyrolysis gas confinement in the reactor. Interestingly, for all cases the effect is positive. The most significant improvements in char and FC yields are observed for the test of birch GROT with the large particle size (d <1 mm). Indeed, the char and FC yields increased by 33.83% and 32.04%, respectively, from 21.96% (column 7) to 29.39% (column 9) and 19.10% (column 8) to 25.22% (column 10).
In general, the result from the lid tests can be explained by the fact that the escape of nascent pyrolysis gas from the sample was hindered by the lid and the residence time of the gas in the matrix and vicinity of the solid carbon residues was increased. It has been reported beneficial effects of increased vapor-phase residence times and increased vapor concentrations on favoring char formation and char yields [4, 7] . The reason for this happening is that keeping the released pyrolysis gas in contact with both the decomposing solid biomass and the solid mass products has the effect of secondary tar reactions taking place inside the crucible, forming secondary char and increasing the char yield.
Conclusions
The following conclusions are drawn from the present study: 1) the confinement of the pyrolysis gas released during devolatilization in the carbonization reactor helps improve the char and fixed carbon yield of charcoal produced via carbonization of from forest residues and wood. 2) Different char yield trends between GROT and wood samples were observed. In addition to this, while the decomposition rate during devolatilization of the stem wood samples varied consistently with changes in the sample mass and particle size, that for the forest residue samples was inconsistent.
